Introduction
============

The retinal pigment epithelium (RPE), a monolayer of cells situated between the vascular choroid and neural retina, provides critical support for photoreceptor cells, the rods and cones. Not only is the epithelium responsible for regulating the extracellular environment of the outer retina, it also helps to maintain photoreceptor function by participating in visual pigment regeneration, disc membrane turnover and the scavenging of free radicals \[[@r1],[@r2]\]. In the mature retina, the level of support afforded by the epithelium depends critically upon the number or density of cells that reside within the monolayer. This is especially evident in diseases characterized by epithelial cell loss, such as macular degeneration and injury-induced atrophy of the RPE, in which there is a gradual decline in many retinal functions \[[@r3],[@r4]\]. Because mature RPE cells are essentially post-mitotic, and a robust stem cell population which could replace damaged cells apparently does not exist, the epithelium is particularly dependent upon mechanisms determining cell number during development. Clearly, those cells generated in the fetus must last a lifetime.

In many vertebrate cell lineages, precursor cells divide a limited number of times before they exit the cell cycle and terminally differentiate. The cell divisions are driven by extracellular signals (mitogens), which alter the expression or activity of regulatory proteins comprising the core cell cycle machinery. These include a set of cyclin-dependent kinases (Cdks), which are cyclically activated to trigger different phases of the cell cycle \[[@r5],[@r6]\], as well as additional proteins that influence Cdk activity in a positive or negative manner \[[@r7],[@r8]\]. Cyclins are stimulatory Cdk-binding co-factors, and D-type cyclins in particular mediate mitogen-dependent progression of cells through a restriction point in the G1 phase of the cycle \[[@r6]\]. An important class of inhibitory cell cycle proteins is the Cdk inhibitors, of which there are two main families, the Ink4 family and Cip/Kip family \[[@r9]\]. Current evidence suggests that Cdk inhibitors might have important roles in regulating the timing of exit from the mitosis prior to cell differentiation \[[@r10],[@r11]\]. The inhibitor p27^Kip1^, in particular, has been proposed to be part of a cell-intrinsic timer that arrests the cell cycle and initiates differentiation in a number of lineages \[[@r12],[@r13]\].

Several groups have reported gigantism and multi-organ hyperplasia in mice with targeted disruption of the *p27^Kip1^* gene \[[@r14]-[@r16]\]. Some of the most dramatic phenotypic changes in these animals are seen in the retina. For example, the neural retina exhibits focal areas of dysplasia, attributed to extended histogenesis of photoreceptors and Müller cells and to the displacement of reactive glia into the layer of photoreceptor outer segments, leading to a disruption in the normal organization of the outer nuclear layer \[[@r17],[@r18]\]. In these same animals, it has been reported that the RPE exhibits an increase in thickness, in its apical to basal dimension, compared to that which is seen in the congenic C57BL/6J strain \[[@r16]\]. We have examined this difference in more detail, in order to assess whether p27^Kip1^ plays a role in determining epithelial cell number. Our results not only indicate that p27^Kip1^ is an important factor regulating RPE proliferation during development, but also that this protein may be a crucial factor involved in generating appropriately polarized epithelial cells and in the construction of the photoreceptor-RPE interface.

Methods
=======

Mice and genotyping
-------------------

Hemizygous *p27^Kip1^* mice (+/-), on a C57BL/6 background \[[@r14]\], were purchased from The Jackson Laboratory (Bar Harbor, ME) and used to set up a breeding colony. Animals were housed in the Animal Care Facilities at ETSU College of Medicine in accordance with Association of Assessment and Accreditation of Laboratory Animal Care (AAALAC) guidelines. Tail snips were taken from all mice on or before 4 weeks of age and genomic DNA extracted and purified using a DNeasy Tissue Kit (Qiagen Inc., Valencia, CA). Genotypes were determined by performing PCR amplification of the wild-type and mutant *p27^Kip1^* alleles \[[@r14]\]. One common sense primer (5\'-TGG AAC CCT GTG CCA TCT CTA T) was used to detect both alleles, while the antisense primers employed were specific for the wild-type allele (5\'-GAG CAG ACG CCC AAG AAG C) and the *neo*-disrupted allele (5\'-CCT TCT ATG GCC TTC TTG ACG). PCR was performed for 40 cycles with an annealing temperature of 55 °C \[[@r19]\]. Oligonucleotide products were then resolved on a 2% agarose gel and visualized after staining with Sybr Gold (Molecular Probes, Eugene, OR). The wild-type allele resulted in amplification of a 1300-bp product and the null allele a 600-bp product \[[@r14]\]. The results of PCR analysis were independently verified by immunoblotting, using a monoclonal anti-p27^Kip1^ antibody and neural tissues dissected from the brains of neonatal animals, as previously described \[[@r20]\].

Histological analysis and electron microscopy
---------------------------------------------

Mice were euthanized by CO~2~ asphyxiation and the enucleated eyes immersion-fixed overnight in 4% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The following day, specimens were rinsed several times in buffer in preparation for plastic embedding. Unless otherwise noted, globes were left undissected in order to minimize the possibility of retinal detachment. For routine histology, tissues were dehydrated in graded ethanols prior to infiltration in JB-4 embedding medium (EM Sciences, Hatfield, PA). Polymerization was carried out according to the manufacturer\'s instructions and tissue blocks stored under dessicant until used. Relatively thick (3 μm) sections were obtained in a vertical plane through the middle of the eye and stained with Azure II-methylene blue. For documentation, digital images of the stained sections were taken using an Olympus BX41 microscope equipped with a 40X objective and an Optronics MagnaFire SP CCD camera, and processed using Photoshop CS2 (Adobe Systems, San Jose, CA). RPE thickness measurements were made at 300 μm intervals along the length of the epithelium within a single section, excluding regions within 300 μm of the optic nerve and ora serrata. As an estimate of cellular density, counts of nuclei contained within 100 μm expanses of the RPE layer were determined in the same sections and at the same sites. Both RPE thickness and cellular density have previously been reported to vary appreciably from central to peripheral regions. Consequently, in these studies we performed statistical analyses of morphometric data on a regional as well as global basis.

For transmission electron microscopy, glutaraldehyde-fixed eyes were dissected to remove the cornea and lens, and then post-fixed in 2% osmium tetroxide in phosphate buffer. After extensive rinsing in buffer and distilled water, specimens were dehydrated and embedded in Epox 812-Araldite (Ernest F. Fullam, Latham, NY). Thin (90 nm) sections were stained with uranyl acetate and lead citrate and examined in a Philips Tecnai 10 electron microscope (FEI, Hillsboro, OR). Images were acquired using a Mega-Plus Model ES 4.0 CCD camera and processed using Photoshop. Retinal attachment, defined as an overlap of greater than 50% of the length of epithelial microvilli by photoreceptor outer segments, was determined in a single section that included both the central and peripheral parts of the eye. In practice, interdigitation of the RPE and neural retina in any particular area was found to be completely intact or essentially lost, resulting in relatively little ambiguity. Regions within 300 μm of the optic nerve and ora serrata, as well as areas exhibiting outer nuclear layer dysplasia, were excluded from analysis. The length of detached retina was divided by the total linear extent of tissue surveyed and expressed as a percentage.

Cell proliferation and cell death analysis
------------------------------------------

In order to assess the impact of *p27^Kip1^* deletion on cell division in the developing RPE, DNA synthesis was examined immunocytochemically following BrdU incorporation. *p27^+/-^* and *p27^-/-^* mice were injected via an intraperitoneal route with 50 μg/g body weight of a solution of BrdU (Sigma Chemical Co., St Louis, MO) in PBS. Animals were injected twice on P7, and then sacrificed on P8. After fixation in 4% paraformaldehyde, eyecup tissues were cryoprotected in 20% sucrose in PBS, frozen in melting Freon 22 and sectioned (at 10 μm) on a cryostat. Prior to antibody labeling, sections were treated for 60 min at 37 °C with 2N HCl. Immediately following acid treatment, specimens were neutralized with 0.1M borate buffer, pH 8.5 and finally rinsed in PBS. To label cells incorporating BrdU, sections were first blocked for 1 h in 10% normal goat serum in PBS containing 1% BSA and 0.2% Triton X-100, then incubated overnight at 4 °C with monoclonal anti-BrdU (1:25 dilution; Roche, Indianapolis, IN). After several washes in PBS, bound antibody was detected by staining with goat anti-mouse IgG conjugated to DTAF (1:200 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 h at room temperature. Tissue immunofluorescence was subsequently viewed by confocal laser scanning microscopy (see below).

Cell death was assessed by TUNEL assay, using a kit and instructions provided by the manufacturer (Roche). Frozen sections of 4% paraformaldehyde-fixed eyes were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate buffer and DNA strand breaks detected in situ via incorporation of fluorescein-dUTP by exogenously-applied terminal deoxynucleotidyl transferase \[[@r21]\]. Evaluation of DNA labeling was carried out in the confocal microscope.

Preparation of tissue whole-mounts
----------------------------------

In order to view all cells within the RPE layer at one time, epithelial flat-mounts were prepared. For adult eyes, we adapted a previously developed procedure for harvesting the entire tissue as a single intact sheet attached to the neural retina \[[@r22]\]. Briefly, enucleated eyes that had been cleaned of extraocular tissue were immersed in a solution of 2% Dispase II (neutral protease; Roche) in Dulbecco\'s Modified Eagle\'s Medium (DMEM) for 35-40 min at 37 °C. After several rinses in DMEM, eyecups were prepared by making a circumferential incision just posterior to the ora serrata and discarding the anterior segment (i.e., cornea, ciliary body and lens). Subsequent peeling of the neural retina away from these eyecups resulted in the intact epithelium partitioning with the photoreceptor layer, to which it is adherent. Tissues isolated in this way were fixed in 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 for 2 h and, after being rinsed in buffer, mounted RPE side-up on a glass microscope slide. To ensure that the retina lay flat, several radial cuts (5-6, depending on the size of the eye) were made in the tissue from the periphery to the optic nerve area, producing \"petals\". Flat-mounts were then coverslipped in ProLong Gold anti-fade reagent (Invitrogen Molecular Probes, Inc., Eugene, OR) and examined unstained in a Leitz Laborlux S microscope equipped with a 40X objective. Digital images were acquired using a Spot Insight 4 camera and software (Diagnostic Instruments, Inc, Sterling Heights, MI) and processed using Photoshop. Melanin granules in these heavily pigmented adult eyes are excluded from cell borders and from regions of the cell containing nuclei, with the result that they act as a natural contrast agent. In some cases, the neural retina was removed from non-Dispase-treated eyes, and the resulting RPE-choroid-sclera whole-mounted and labeled using fluorescent probes (see below).

For early postnatal eyes, flat-mounts were prepared from epithelium-containing posterior eyecups since, at these stages, firm retinal attachment has yet to develop. Following removal of the eye from the orbit, the cornea was punctured with a 26-gauge needle and the globe fixed by immersion in ice-cold 4% paraformaldehyde in PBS. After several rinses, a circumferential incision was made at the level of the ora serrata and radial cuts produced to aid in tissue flattening. Specimens were then mounted, sclera side down, on a black microporous nitrocellulose membrane (MicronSep; GE Osmonics, Minnetonka, MN) and each of the \"petals\" gently pressed in contact with the membrane. The underside of the membrane was subsequently blotted onto a piece of dry filter paper (Whatman, Florham Park, NJ) to wick away excess fluid and encourage the tissue to flatten completely. To expose the RPE layer, another piece of membrane was carefully placed atop the vitreal surface of the retina, allowed to adhere and then peeled away. In most cases, the neural retina separated cleanly from the epithelium, permitting direct access to the latter\'s apical surface. Occasionally, separation took place between the RPE and choroid, with the epithelium coming off as a sheet with the membrane-attached neural retina. This allowed the RPE layer to be viewed from its basal aspect.

To visualize the boundaries of individual RPE cells in adult or early postnatal eyes, flat-mounts were stained with Alexa Fluor 488-phalloidin (5 U/ml in TBS, containing 1% BSA and 0.2% Triton X-100) for 30 min at room temperature. Fluorescent phalloidin binds to polymerized actin filaments, which exist as a circumferential bundle encircling cells at the apical end of their lateral borders. Consequently, labeling is readily visualized as a polygon that completely outlines the cell at the level of cell-cell junctions and allows counts of cell number to be made. After several TBS rinses, flat-mounts were placed on glass slides with the epithelium facing up and mounted in Vectashield fluorescence mounting medium (Vector Labs, Burlingame, CA). In certain cases, nuclear staining was additionally carried out by exposure to propidium iodide (0.1 mg/ml in TBS, containing 0.5 mg/ml RNAase A; Roche) or To-Pro-3 (2 mM in PBS; Molecular Probes), also for 30 min. However, in order to view propidium iodide-labeled nuclei unobstructed by the high density of melanin present in the apical RPE of this mouse strain, it was necessary to obtain images from the basal aspect of the epithelium following its partitioning with the peeled neural retina. Ultimately, specimens were viewed in a Leica SP confocal laser scanning microscope (Leica, Heidelberg, Germany) equipped with a 20X infinity-adjusted objective. A series of 1 μm-thick optical sections was obtained through the z-axis of the specimen and used to construct an extended focus image consisting of all optical sections in the data set. All micrographs presented consist of a stack of seven to ten serial sections, except where otherwise indicated. In all cases, wild-type and mutant specimens were processed in the same manner and images were acquired using identical instrumental parameters. Counts of cellular and nuclear density in flat-mounts, including those that were left unstained and those labeled with fluorescent probes, were performed by multiple sampling of epithelial regions midway between the optic nerve head and the ora serrata and normalizing the results to a unit area of 50,000 mm^2^.

Statistical analysis
--------------------

Data are reported as the mean±SEM, using only one eye from an individual animal for any quantitative assay. Each number is, in turn, representative of the numerical average of multiple measurements made within a particular tissue specimen. Statistical comparisons between experimental groups were conducted using either Student\'s t-test or one-way ANOVA (SYSTAT, SPSS, Chicago, IL), followed by Fisher\'s LSD multiple range test of significance. The Pearson product moment correlation coefficient, r, was calculated using Excel (Microsoft, Redmond, WA).

Results
=======

Epithelial overproliferation in *p27^Kip1^*-null retinas
--------------------------------------------------------

In 5 week-old mice, the mutant RPE is appreciably larger in its apical to basal dimension than corresponding tissues from animals of the other two genotypes ([Figure 1A,B,C](#f1){ref-type="fig"}; compare insets). Analysis of the average thickness of the epithelial layer in transverse sections from the three sets of mice show that the nullizygous RPE is approximately 6% thicker than the hemizygous RPE and 12% thicker than the wild-type RPE ([Figure 2A](#f2){ref-type="fig"}). This change occurs uniformly throughout the retina and is not restricted to retinal regions exhibiting outer nuclear layer dysplasia: epithelial thickness averages 5.34±0.11 and 5.38±0.11 for non-dysplastic and dysplastic areas of mutant retinas, respectively.

![Light micrographs of JB-4 retinal sections derived from 5 week-old wild-type and *p27^Kip1^* hemizygous and nullizygous mice. **A** represents *p27^+/+^*, **B** represents *p27^+/-^*, and **C** represents *p27^-/-^* retinal tissue. The RPE cell layer from *p27^Kip1^*-null animals appears thicker, with increased numbers of nuclei (arrows in insets). Also, in the mutant retina melanin granules tend to occupy more apical portions of the cytoplasm. Note that the dysplasia of the outer nuclear and photoreceptor layers is evident in the *p27^Kip1^*-null retina only. RPE represents retinal pigment epithelium; PRL represents photoreceptor layer; ONL represents outer nuclear layer; INL represents inner nuclear layer; GCL represents ganglion cell layer. Scale bar represents 10 μm. Inset scale bar represents 20 μm.](mv-v13-273-f1){#f1}

![Retinal pigment epithelium thickness and nuclei per unit length in retinal sections from wild-type and *p27^Kip1^* hemizygous and nullizygous mice. Measurements of retinal pigment epithelium (RPE) thickness (**A**) and nuclear density (**B**) were performed on JB-4 sections from retinas of 5 week-old *p27^+/+^*, *p27^+/-^* and *p27^-/-^* mice. The apical to basal dimension of the *p27^Kip1^*-null epithelium is, on average, approximately 6 and 12% greater than that of the hemizygous and wild-type tissues, respectively. There is also a nearly 2 fold increase in the density of nuclei for \"knock-out\" animals, relative to the other two genotypes (Graph of means±SEM for 5 replicates in each condition). Asterisk (\*) indicates p\<0.02 and double asterisks (\*\*) indicates p\<0.001 compared to wild-type.](mv-v13-273-f2){#f2}

In addition to being thicker, the mutant epithelium also appears in light micrographs to contain more nuclei per field of view ([Figure 1A,B,C](#f1){ref-type="fig"}; compare insets). When measurements of the linear packing density of nuclei are made in plastic sections, as an indirect estimate of cell number, there is a 63 and 96% increase in the number of nuclei per unit length in the nullizygous RPE, compared with the hemizygous and wild-type RPE, respectively ([Figure 2B](#f2){ref-type="fig"}). As with epithelial thickness, a comparable increase is seen in all parts of the retina, including both central and peripheral regions, and appears to be uncorrelated with areas of retinal dysplasia.

In order to test whether the increased nuclear packing density in the mutant RPE reflects increased cellular density, unstained epithelial layers were visualized as flat-mounts. [Figure 3](#f3){ref-type="fig"} compares images obtained from preparations of wild-type and mutant retinas. The RPE monolayer from normal animals is comprised of a relatively uniform array of cells that are polygonal in shape, containing a mixture of mainly mononucleated and binucleated cells ([Figure 3A](#f3){ref-type="fig"}). While similar in overall arrangement, the nullizygous epithelium appears more crowded, with cells that are generally smaller in diameter ([Figure 3B,C,D](#f3){ref-type="fig"}). In addition, mutant epithelia are sometimes observed to contain more cells with nuclei displaced from their usual central position to the periphery ([Figure 3D](#f3){ref-type="fig"}). We also examined the RPE actin cytoskeleton in flat-mounted tissues after staining with Alexa Fluor 488-phalloidin. Wild-type monolayers display highly regular arrays of microfilaments in the form of rings that define the apical boundaries of individual epithelial cells ([Figure 3E](#f3){ref-type="fig"}). These circumferential microfilament arrays are also present in mutant cells; however they are much reduced in diameter and vary in their apical-basal localization ([Figure 3F](#f3){ref-type="fig"}).

![Flat-mounts of wild-type and mutant retinal pigment epithelium from P35 retinas. Whole-mounted retinal pigment epithelium (RPE) tissue from wild-type (**A** and **E**) and mutant (**B**, **C**, **D**, and **F**) P35 retinas were left unstained (**A**-**F**) or labeled with Alexa Fluor 488-phalloidin (**E** and **F**). In unstained preparations, the normal epithelium consists of relatively uniform polygonal cells with centrally-located nuclei (**A**). Mutant cells are, by contrast, smaller in diameter and less regular in their outline. While cellular density can vary somewhat, regions of the nullizygous RPE exhibiting a higher nuclear density also display increased cellular density (compare **B**, **C**, and **D**). In some mutant eyes, there are increased numbers of epithelial cells with nuclei displaced from central to peripheral regions (**D**, arrows). In 1 μm thick optical sections of Alexa Fluor 488-phalloidin-labeled tissues, apical cell boundaries are marked by rings of actin filaments associated with intercellular junctions, while microvillous processes are evident as punctate dots overlying the cytoplasm (**E** and **F**). Note the alignment and regularity of cell outlines in the wild-type RPE layer (**E**). The cytoskeleton of mutant epithelial cells, on the other hand, appears less well organized, and Alexa Fluor 488-phalloidin staining defines apical membrane compartments that are much smaller and more variable in diameter (**F**). Scale bar represents 40 μm.](mv-v13-273-f3){#f3}

Cellular and nuclear density measurements were made on images similar to those shown in [Figure 3A-D](#f3){ref-type="fig"} and the results plotted graphically. As seen in [Figure 4A](#f4){ref-type="fig"}, there are approximately twice as many nuclei per unit area in the nullizygous epithelium, compared to that of the wild-type. Surprisingly, this rather large change in nuclear density is accompanied by a smaller increase (46%) in cellular density. Such results are indicative of an alteration in the overall ratio of uninucleated to multinucleated cells, and this is demonstrated in [Figure 4B](#f4){ref-type="fig"}. Whereas the normal RPE consists, on average, of 46% binucleated cells, the comparable figure in mutants is 89%.

![Cellular and nuclear density and number of nuclei per cell in retinal pigment epithelium from 5 week-old wild-type and mutant mice. Measurements of (**A**) cellular and nuclear density and (**B**) percent uninucleated versus multinucleated cells were made using unstained flat-mounted tissues from *p27^+/+^* and *p27^-/-^* animals as depicted in [Figure 3](#f3){ref-type="fig"} and counts normalized to an area of 50,000 mm^2^. Compared with wild-type tissues, the mutant epithelium exhibits a 100% increase in nuclear density, but only a 46% increase in cellular density. Consequently, mutant RPE cells contain a higher proportion of multinucleated cells (Graph of means±SEM for 7 replicates in each condition). Asterisk (\*) indicates p\<0.01 and double asterisks (\*\*) indicates p\<0.001 compared to wild-type.](mv-v13-273-f4){#f4}

We also examined RPE monolayers from early postnatal time points in order to monitor proliferative changes developmentally. [Figure 5](#f5){ref-type="fig"} shows full thickness confocal scans through flat-mounts of P7 wild-type and mutant epithelia that have been stained with Alexa Fluor 488-phalloidin and propidium iodide to label cell boundaries and nuclei, respectively. Clear differences in cellular and nuclear density are apparent even at this relatively early stage, prior to photoreceptor outer segment development and the dysplastic changes that arise in the neural retina. Measurements indicate that there is a 100% increase in nuclear density in the nullizygous RPE, compared with the wild-type tissue ([Figure 6](#f6){ref-type="fig"}). As with the adult epithelium, this is accompanied by a significantly smaller increase (39%) in cellular density. Quantitatively similar increases are observed for P0 mutant epithelia, at a time when most wild-type RPE cells are mononucleated \[[@r23]\] (data not shown). Unfortunately, the presence of light-absorbing melanin pigment precluded simultaneous visualization of individual cells and their nuclei in fluorescence images of these early time points. Consequently, the impact of gene deletion on the relative numbers of mononucleated and binucleated cells could not be assessed.

![Flat-mounts of wild-type and mutant retinal pigment epithelium from P7 retinas. Whole-mounted retinal pigment epithelium (RPE) tissue from wild-type (**A** and **C**) and mutant (**B** and **D**) P7 retinas were labeled with Alexa Fluor 488-phalloidin (**A** and **B**) and propidium iodide (C and D) and examined by confocal microscopy. An increase in cellular and nuclear packing density is apparent in these images taken from a region midway between the central and peripheral retina. Scale bar represents 40 μm.](mv-v13-273-f5){#f5}

![Cellular and nuclear density of retinal pigment epithelium from P7 wild-type and mutant mice. Measurements of epithelial cellular and nuclear density were made using flat-mounted tissues from *p27^+/+^* and *p27^-/-^* animals, after being stained as depicted in [Figure 5](#f5){ref-type="fig"}. Compared with wild-type tissues, the mutant epithelium exhibits a 100% increase in nuclear density, but only a 39% increase in cellular density (Graph of means±SEM for 3-5 replicates in each condition). Asterisk (\*) indicates p=0.001 and double asterisks (\*\*) indicates p\<0.005 compared to wild-type.](mv-v13-273-f6){#f6}

In principle, the increases seen in nuclear and cellular density in the mutant RPE could be the result of either augmented cell division, diminished cell death, or both. To obtain direct evidence for enhanced mitotic activity in the nullizygous epithelium, a BrdU incorporation experiment was carried out. *p27^+/-^* and *p27^-/-^* mice were injected twice on P7 and their retinas analyzed for uptake of the analog into DNA one day later by immunocytochemistry. At this time, very few, if any, BrdU-positive cells are seen in the hemizygous RPE or neural retina ([Figure 7A](#f7){ref-type="fig"}). By contrast, in mutants both the epithelium and developing outer and inner nuclear layers of the retina contain examples of BrdU-positive cells ([Figure 7B](#f7){ref-type="fig"}). In addition to proliferative changes, we also looked for differences in the relative numbers of dying cells in the RPE from hemizygous and nullizygous animals at P8 using the TUNEL assay. As seen in [Figure 7C,D](#f7){ref-type="fig"}, there is little evidence for apoptosis in the RPE of either genotype, although TUNEL-positive cells can be seen in the neural retinas of normal animals and are abundant in mutants.

![Cell proliferation and cell death in frozen sections of retinas from developing *p27^Kip1^* hemizygous and nullizygous mice. **A** and **C** represent *p27^+/-^* and **B** and **D** represent *p27^-/-^* tissues. **A** and **B**: BrdU incorporation. Representative photomicrographs of the peripheral retina from animals injected on P7 and sacrificed on P8. Immunoreactive nuclei (arrows) are present in the nullizygous (**B**), but not hemizygous (**A**), RPE (between dotted lines). Note also the presence of BrdU-positive cells in the developing inner nuclear layer of the mutant retina (arrowheads). **C** and **D**: TUNEL assay. Apoptotic epithelial cells are undetectable in P8 retinal sections from both genotypes. On the other hand, TUNEL-positive cells are seen in the hemizygous neural retina and are especially plentiful in the nullizygous neural retina (arrowheads). Scale bar represents 40 μm.](mv-v13-273-f7){#f7}

The differential impact that loss of *p27^Kip1^* has on nuclear and cellular density of the RPE could be cell type-specific. To investigate this, we also examined the corneal endothelium, a tissue that displays a quantitatively similar increase in nuclear density in *p27^Kip1^*-null mice \[[@r24]\]. [Figure 8](#f8){ref-type="fig"} compares flat-mounted endothelial monolayers from adult *p27^+/+^* and *p27^-/-^* mice that have been stained with Alexa Fluor 488-phalloidin and To-Pro-3. While a significantly greater nuclear density is seen in the mutant endothelium, this is matched by a comparable change in cellular density. Thus, unlike the case with the RPE, loss of *p27^Kip1^* results in a corneal endothelium possessing increased numbers of mononucleated cells only.

![Flat mounts of wild-type and mutant corneal endothelium from P35 eyes. Whole-mounted corneas from *p27^+/+^* and *p27^-/-^* mice were stained with Alexa Fluor 488-phalloidin and ToPro-3 and examined by confocal microscopy. As is apparent from these projection images, the mutant endothelium consists of an ordered array of cells with an appreciably higher density than that of the normal tissue. Nevertheless, both monolayers possess predominantly, if not exclusively, mononucleated cells. Scale bar represents 40 μm.](mv-v13-273-f8){#f8}

Retinal attachment in wild-type versus *p27^Kip1^*-null retinas
---------------------------------------------------------------

It is normally relatively difficult to separate the neural retina from the RPE of adult wild-type mice by peeling without causing damage to epithelial cells \[[@r25],[@r26]\]. However, in our studies examining RPE proliferation, we noticed a decline in the apparent adhesiveness of nullizygous retinas. [Figure 9A](#f9){ref-type="fig"} shows representative examples of neural retinas that were peeled from *p27^+/-^* and *p27^-/-^* eyecups 3 h after light onset. In the hemizygous retina, abundant melanin pigment decorates the photoreceptor surface more or less uniformly ([Figure 9A](#f9){ref-type="fig"}). Higher power views of the flat-mounted tissue demonstrate that this pigment is contained mainly in epithelial microvilli and portions of the apical cell cytoplasm that have been sheared from cells during mechanical separation ([Figure 9B](#f9){ref-type="fig"}), a reflection of the strong physical interaction between the two tissues. The nullizygous retina, on the other hand, retains relatively little melanin, which is suggestive of a much weaker adhesion to the RPE layer ([Figure 9A,C](#f9){ref-type="fig"}).

![Neural retinas peeled from the eyes of 5 week-old *p27^+/-^* and *p27^-/-^* mice. **A**: Stereomicroscope view. Melanin pigment granules (dark brown) cover much of the outer surface of the hemizygous retina (left), except in the area surrounding the optic nerve (\*). By contrast, the peeled nullizygous retina has relatively little adherent pigment in central regions, although some melanin is present in more peripheral regions (right). **B** and **C**: Bright-field micrographs. To obtain these images, the same retinas as seen in (**A**) were flat-mounted and typical regions viewed at high power. Melanin granule-containing microvillous processes (arrowheads in **C**), which have broken off during tissue separation, are present in much larger numbers in the hemizygous, as compared to the nullizygous, retina. Arrows indicate regions of outer nuclear layer dysplasia. **A**: Scale bar represents 1 μm. **B** and **C**: Scale bar represents 20 μm.](mv-v13-273-f9){#f9}

To assess whether the difference in apparent retinal adhesiveness that we observe has a structural basis, wild-type and mutant ocular tissues were examined in semi-thin and thin plastic sections. As seen in [Figure 10A,C](#f10){ref-type="fig"}, the RPE and neural retina of normal mice are closely apposed, with rod photoreceptors directly abutting the apical epithelial surface. Furthermore, electron microscopic images demonstrate that individual outer segments are ensheathed by RPE microvillous processes, which are generally seen to extend more than 20 μm along the length of outer segments ([Figure 10F](#f10){ref-type="fig"}). Retinas from *p27^Kip1^*-null animals, on the other hand, oftentimes display irregular gaps between the apical surface of the epithelium and rod tips ([Figure 10B](#f10){ref-type="fig"}). When viewed at higher power, these gaps are seen to be regions where the tissue interface is disrupted by a partial or complete separation between the two cell layers ([Figure 10E](#f10){ref-type="fig"}). Furthermore, in such detached regions the RPE microvillar length appears to be significantly reduced ([Figure 10G](#f10){ref-type="fig"}). While separation between the mutant RPE and neural retina sometimes takes place in zones of outer nuclear layer dysplasia, it is certainly not limited to these areas. Conversely, normal cellular relationships are oftentimes preserved in the vicinity of dysplastic regions, even where displaced photoreceptor cell bodies are found at the RPE surface ([Figure 10D](#f10){ref-type="fig"}).

![Light and electron micrographs of the RPE-neural retina boundary from 5 week-old wild-type and *p27^Kip1^*-null mice. **A**, **C**, and **F** represents *p27^+/+^* and **B**, **D**, **E**, and **G** represents *p27^-/-^* retinal tissue. Comparison of images from semi-thin sections reveal that, while the RPE and neural retina of normal eyes are contiguous (**A**), variable-sized gaps appear between these two tissues in mutant eyes (**B**, arrows). In electron micrographs, direct contact is seen between the tips of rod photoreceptors and the apical epithelial surface both in the normal retina (**C**), and in some regions of the mutant retina (**D**). However, in other regions of the mutant retina, these two cell types are often separated from one another by a variable space (between arrows in **E**). In such regions, epithelial microvillous processes are often seen to lose their normal close interdigitation with rod outer segments. This results in a partial or complete separation of RPE and neural retina at their boundary, with the intervening space taken up largely by microvilli (asterisk in **G**). Although displaced rod nuclei are occasionally observed at the mutant RPE-neural retina interface, most outer segments appear structurally normal. Furthermore, the morphology of the epithelial cell layer in thin sections is generally comparable in the two types of animals. RPE represents retinal pigment epithelium; PRL represents photoreceptor layer. **A** and **B**: Scale bar represents 10 μm. **C**, **D**, and **E**: Scale bar represents 5 μm. **F** and **G**: Scale bar represents 2 μm.](mv-v13-273-f10){#f10}

We have quantified retinal detachment by determining the percentage of the neural retina exhibiting close interdigitation of epithelial microvilli and photoreceptor outer segments. In each of the wild-type retinas examined, there is complete overlap between the two cell types in the entire sampled region, from the ora serrata to the area of the optic nerve ([Figure 11](#f11){ref-type="fig"}). On the other hand, the extent of detachment in mutant retinas is substantial, averaging 42%. However, because this detachment varies considerably from eye to eye (range: 5 to 81%), we considered the possibility that RPE-neural retina separation might be a function of the amount of outer nuclear layer dysplasia present. The latter also exhibits wide deviation, involving anywhere from 1 to 16% of the tissue in any one retinal section (average: 8%). Consequently, in expressing the extent of RPE-photoreceptor interaction quantitatively we plotted percentage detachment as a function of percentage dysplasia. As shown in [Figure 11](#f11){ref-type="fig"}, our results indicate that there appears to be little correlation between outer nuclear layer dysplasia and the magnitude of retinal detachment.

![Measurements of percentage retinal detachment and outer nuclear layer dysplasia in electron micrographs from 5 week-old *p27^+/+^* and *p27^-/-^* mice. In each of the wild-type retinas examined, there is virtually no evidence of either detachment or dysplasia (n=4). Mutant retinas, on the other hand, exhibit both types of structural abnormality in varying amounts. However, loss of RPE-photoreceptor interdigitation appears to be uncorrelated with the magnitude of outer nuclear layer dysplasia (r=-0.189).](mv-v13-273-f11){#f11}

In view of the substantial changes observed at the RPE-neural retina boundary, it is surprising that epithelial cells from wild-type and nullizygous animals are generally similar in their overall ultrastructural characteristics ([Figure 10C-G](#f10){ref-type="fig"}). Nevertheless, we occasionally observe examples of what appear to be incompletely or abnormally polarized RPE cells ([Figure 12](#f12){ref-type="fig"}). Such cells exhibit microvillar inclusions, areas where microvillous processes are found in vacuoles within the cell cytoplasm rather than on its surface. More commonly, however, regions are seen where basal infoldings appear to extend into and invade the lateral membrane interface between cells within a monolayer. While both types of abnormality are relatively rare, they are virtually never observed in the wild-type epithelium.

![Electron micrographs of the RPE-photoreceptor interface from a *p27^Kip1^*-null retina. The low power image (**A**) shows an incompletely polarized epithelial cell displaying a microvillar inclusion (MI), as well as an inclusion of basolateral membrane (BI), within the cytoplasm of the cell. The boxed region in **A** is seen at higher power in **B**. The micrograph shown in **C** represents a region where there is an apparent expansion of the basal surface membrane, which also tends to occupy more central and lateral portions of cells (arrows). Such polarization defects occur in well-oriented regions of the retina. **A**: Scale bar represents 5 μm. **B**: Scale bar represents 1 μm. **C**: Scale bar represents 2 μm.](mv-v13-273-f12){#f12}

Discussion
==========

In this study we have presented evidence that p27^Kip1^ plays an important role in regulating RPE mitosis during retinal histogenesis. Mice with targeted deletion of the *p27^Kip1^* gene exhibited a higher density of nuclei in their epithelial monolayers, compared with wild-type and hemizygous controls. This difference, approximately 2 fold, was evident even at early postnatal ages and likely reflects the generation of ectopic nuclei beginning with the embryonic period. Our previous work examining p27^Kip1^ expression by rodent RPE has indicated that the protein is upregulated at mid to late gestational periods and is maximal around birth \[[@r27]\]. Thus, the data we have obtained are consistent with the possibility that this negative cell cycle regulator normally acts to influence cell cycle duration, or to control the proportion of cells that exit the cell cycle, during specific developmental intervals \[[@r28]\]. Recently, Yoshida et al. \[[@r29]\] presented results of nuclear counts performed on the RPE of adult *p27^Kip1^*-null mice, yielding data that are quantitatively very similar to ours. Furthermore, these authors also reported that the mutant RPE incorporated BrdU during postnatal days 7 through 10, at a time when the normal epithelium is quiescent. In addition to confirming this finding, we have presented data indicating that naturally-occurring cell death is unlikely to play a significant role in the proliferative response seen in RPE cells of mutant animals. In this respect, the developing epithelium reacts very differently to *p27^Kip1^* gene ablation than the neural retina, which largely deletes an initial overproduction of cells through apoptosis \[[@r17],[@r18]\]. Overall, the combined evidence indicates that the RPE of *p27^Kip1^*-null mice undergoes, on average, at least one additional round of mitosis during the period of normal cell generation. Both altered cell cycle dynamics and a delay in the timing of cell cycle withdrawal could be contributing to the enhanced nuclear density seen in *p27^-/-^* monolayers.

An interesting feature of rodent RPE is the fact that a substantial percentage of cells is normally multinucleated \[[@r23],[@r30]\]. Thus, the increased mitoses observed in *p27^Kip1^* \"knock-out\" mice could, theoretically, result in the generation of either more total cells or more cells with multiple nuclei. The data we have obtained from adult animals clearly show that both mechanisms take place. Roughly half of the enhancement in RPE nuclear density can be accounted for by cell division, while the other half is likely due to the conversion of mononucleated to binucleated cells. The fact that *p27^Kip1^* mutant epithelia from neonatal animals show a similar disparity in nuclear and cellular density increases suggests that, during relatively early times, mitosis and cytokinesis are partially uncoupled from one another. Whether this reflects an incomplete block in epithelial cell division as a result of checkpoint controls is not clear. However, it is well-established that a final wave of acytokinetic mitosis is a normal feature of rodent RPE cell proliferation during the first week of postnatal development \[[@r30]\]. Thus, the enhanced numbers of binucleated cells seen in mutants may reflect cell division mechanisms inherent to the epithelium that are self-limiting. In any event, our results demonstrate that this phenomenon cannot be generalized to other tissues, since ectopic cells generated by the corneal endothelium of *p27^Kip1^*-null animals consist almost exclusively of those with single nuclei.

It has previously been reported by others that mutant RPE cells from adult *p27^Kip1^*-null animals appear taller than those of their normal litter mates \[[@r16]\]. Using morphometric analysis, we have been able to confirm this observation quantitatively. Our results indicate that the nullizygous RPE is approximately 12% thicker, in its apical to basal dimension, than that of the wild-type epithelium. Importantly, while monolayers from these mutant animals exhibited a higher cellular density they appeared normal, with little evidence for multilayering at any time point. Thus, the increased thickness of the epithelium may, at least partially, be accounted for by an apical to basal expansion of individual cells as a result of cell crowding. On the other hand, RPE cells from *p27^Kip1^*-null mice generally appear much smaller in diameter that their wild-type litter mates. This suggests that, concomitant with an enhancement in cellular density, the average size of individual epithelial cells decreases considerably, notwithstanding the relatively small increase in epithelial thickness. Such an alteration in average cell volume might be indicative of a mechanism whereby cells adjust their rate of growth or enlargement in order to conform to a defined tissue size.

An unexpected finding of this report is the fact that *p27^Kip1^* gene ablation leads to both a decline in apparent retinal adhesiveness and a disruption of normal retinal attachment, the latter being evident as either a partial or complete loss of RPE-photoreceptor interdigitation. It\'s possible that these defects are related to the enhanced proliferative response seen in the epithelium. However, our data show that, while a near maximal RPE mitotic response is established early in postnatal development, the overall architecture of the epithelium and the arrangement of its actin cytoskeleton appear normal at this stage. In this regard, it is interesting that an upregulation of p27^Kip1^ has been reported following experimental retinal detachment in mice \[[@r31]\].

Another candidate process that could be influencing RPE-photoreceptor interdigitation is the dysplasia that characterizes limited portions of the mutant neural retina. These dysplastic areas represent regions where the outer limiting membrane has been disrupted as a result of Müller cell activation and reactive gliosis, and are associated with areas of photoreceptor loss \[[@r17],[@r18]\]. However, we have been unable to obtain evidence for a correlation between the magnitude of outer nuclear layer dysplasia and retinal detachment. Furthermore, loss of RPE-photoreceptor interdigitation, unlike the focal areas of dysplasia, occurs more or less uniformly throughout the retina. Nevertheless, we cannot exclude the possibility that structural alterations in the neural retina are responsible for the detachment we see.

The adult *p27^Kip1^*-deficient RPE, while generally indistinguishable ultrastructurally from the wild-type epithelium, displays a number of alterations in cell surface specializations that are limited in their extent. For example, in areas of retinal detachment, there is oftentimes a shortening of apical microvillous processes. Less commonly, we have also seen what appear to be deformations or expansions of the basolateral plasma membrane and, on rare occasions, examples of incompletely polarized cells. The latter are characterized by microvillar inclusions, areas where microvillous processes are found in vacuoles within the boundaries of the cytoplasm rather than on the cell surface. This peculiar morphology has been observed in intestinal epithelial cells from patients with microvillous inclusion disease \[[@r32]\], as well as in epithelial cell lines cultured in low Ca^++^-containing media \[[@r33]\]. Interestingly, similar structures have very recently been found in the native RPE of mice with targeted deletion of the ezrin gene \[[@r34]\]. Thus, a number of potential cytoskeletal and polarity changes appear to take place in the RPE of *p27^Kip1^*-null animals. Whether these changes are intrinsic to the epithelium or arise as a result of modifications secondary to those occurring within the retina is not clear. In any event, a better understanding of these issues may shed light on the processes contributing to retinal detachment.

Recently, it has been shown that, in addition to its well-established role as an inhibitor of nuclear cyclin-Cdk complexes, p27^Kip1^ performs an important cytosolic function as a regulator of actin dynamics and cell migration \[[@r35],[@r36]\]. Interestingly, *p27^Kip1^*-deficient fibroblasts have decreased motility and display increased numbers of stress fibers and focal adhesions, compared to wild-type cells \[[@r36],[@r37]\]. Reintroduction into *p27^Kip1^*-deficient cells of either a wild-type *p27^Kip1^* gene, or a gene encoding a *p27^Kip1^* mutant with impaired binding to cyclin-Cdks, significantly decreased the number of stress fibers and focal adhesions. Furthermore, it has been shown by Besson et al. \[[@r37]\] that the C-terminal domain of the protein is able to bind to, and inhibit activation of, the small GTP-ase RhoA in vitro. Thus, the accumulated evidence indicates that p27^Kip1^ acts as a negative regulator of the RhoA pathway through a portion of the protein distinct from its cyclin-Cdk binding domain. While the RPE is not normally migratory, loss of p27^Kip1^ could nevertheless have an effect on the arrangement or contractility of the epithelial actin cytoskeleton that might influence its interaction with the neural retina. These issues need to be examined directly in future studies.
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